In this paper, a novel bidirectional DC-DC converter employing soft switching technique was proposed. Compare to conventional bidirectional converters, the main switches of proposed converter are operated without switching losses. Moreover, auxiliary switches are used, and the switches are operated under zero voltage switching (ZVS) and zero current switching (ZCS) condition. To verify the validity of the proposed converter, mode analysis, design procedure, simulation and experimental results are presented.
I. INTRODUCTION
With the limited fossil fuel problem, renewable energy became the center of public interest. Therefore, power electronics applying to alternative energy application field such as photovoltaic generation, fuel cell and electric vehicles became a matter of common interest as well [1] - [3] . In these applications, an energy storage system like a battery system must be needed to save and use energy. Thus, a bidirectional DC-DC converter which allows transfer power between two DC sources become an important topic of power electronics. The bidirectional DC-DC converter is categorized into an isolated converter [4] - [6] and a non-isolated converter [7] , [8] . The demands of bidirectional DC-DC converter are smaller size, lighter weight and higher efficiency etc.. In order to minimize the size of conventional bidirectional DC-DC converter, the switching frequency must be increased. However, the increase of switching frequency results in higher switching losses.
Since the switch mode power conversion system is employed for every alternative energy generation system and the efficiency of the power conversion system is in close connection with that of entire system, the researches of inverter and converter have processed vigorously. Particularly, in order to reduce switching losses that occur from the switch operation, soft switching methods using ZVS (zero voltage switching) and ZCS (zero current switching) have been studied [9] - [16] .
In the case of conventional bidirectional DC-DC converter, the main switches operate under hard switching [11] , [15] [16] condition in boost mode and buck mode. Since this switching loss is one of serious dissipation, it is able to be caused to drop the efficiency of system. General method to prevent efficiency droop is that auxiliary switches without auxiliary circuit are employed to help the ZVS and ZCS operation [16] - [19] of the main switches. Although bidirectional DC-DC converter using only two auxiliary switches shows better performance than conventional bidirectional DC-DC converter, the two auxiliary switches operate under hard switching condition, and check the materialization of high efficient converter.
In order to deal with the hard switching problem, not only auxiliary switches but also auxiliary resonant circuit is employed. That is, two auxiliary switches, resonant capacitors and resonant inductor help the main and auxiliary switches to turn on and off under ZVS and ZCS condition.
In this paper, the operational characteristics are presented and the analysis of each operational mode is explained through using mathematical equations. In order to verify the validity of the paper, simulation and experimental results are given.
II. PROPOSED BIDIRECTIONAL CONVERTER
The proposed bidirectional DC-DC converter is shown in Fig. 1 . In order to reduce the switching loss, a few passive elements are added and the elements are shown in the dotted line. That is, the proposed converter consists of main switches (S 1 , S 2 ), auxiliary switches (S a1 , S a2 ), two auxiliary resonant capacitors (C r1 , C r2 ), two freewheeling diodes (D 1 , D 2 ), a resonant inductor (L r ), and a main resonant capacitor (C r ). L r and C r operate as a resonant tank in order to help the soft switching operation of main and auxiliary switches.
Following assumptions are built to simplify the steady state analysis of the proposed topology during one switching cycle. 1) All switching devices and passive elements are ideal 2) The input voltage (V in ) and output voltage (V out ) are constant.
3) All equations are derived, assuming that the starting point of each mode is zero.
During one period of time, the operation of the proposed converter in boost mode can be divided into nine modes as shown in Fig. 2 , and the key waveforms of each component are shown in Fig. 3 .
Mode 1(t 0 ≤ t < t 1 ): At t = t 0 , the auxiliary switch (S a1 ) is turned on under ZCS condition. While the current flows through the main inductor and anti-parallel diode of upper main switch (S 2 ), resonant current flows through the resonant tank (L r and C r ). Meanwhile, the current flowing through the main inductor is decreased linearly, the resonant inductor and resonant capacitor resonate, and at the end of this mode, the same amount of current flows through not only main inductor but also resonant components. Key equations that describe the operation of this mode are provided.
Operational modes of the proposed converter in boost mode.
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where the resonant angular frequency and resonant impedance can be defined by the following equations.
,
Mode 2(t 1 ≤ t < t 2 ): During this mode, the resonance occurs between the two auxiliary resonant capacitors, C r1 and C r2, and the resonant tank. At the same time, C r1 is discharged and C r2 is charged. Key equations that describe the operation of this mode are provided.
( )
Note that in order to simplify the high order functions of this mode, an assumption was built. The assumption is that since the variation of current flowing through main inductor is too small to consider, the main inductor current is regarded as a current source, and C s and C a are defined as the following equations. 1 2
Mode 3(t 2 ≤ t < t 3 ): When the charging and discharging of two auxiliary resonant capacitors are finished at t = t 2 , this mode begins. The resonant tank (L r and C r ) resonates continuously through auxiliary switch and anti-parallel diode of main switch. Since the main switch is turned on while the current flows through anti-parallel diode of S 1 , the switch can be turned on under ZVS condition. 
Mode 4(t 3 ≤ t < t 4 ):
When the main inductor current becomes larger than the resonant inductor current, this mode starts. During the previous mode, the main switch has already been turned on. Thus, the resonant current flows via main switch instead of anti-parallel diode. At t 4 , the resonant inductor current is zero and the voltage of C r has peak value. At this moment, the auxiliary switch is turned off under ZCS condition. The main inductor current and resonant inductor current are expressed by equations (17) resonant capacitor resonate reversely. Due to that reason, the direction of current is changed, and the anti-parallel diode of auxiliary switch is conducted. At the end of this mode, resonant tank stops the resonance, and any current is not flowing via the C r and the lower auxiliary switch. Mode 6(t 5 ≤ t < t 6 ): Since the resonant capacitor is discharged completely, the resonant inductor current is running through different current path. That is, the current is flowing through freewheeling diode (D 1 ). During this mode, the main inductor accumulates energy. However, the current flowing through the freewheeling diode and the resonant inductor maintains constant value. The main inductor current and resonant inductor current are expressed by equation (25) ~ (27). Mode 7(t 6 ≤ t < t 7 ): In this mode, all switches are turned off. Moreover, this mode is the second auxiliary resonant mode. Since the direction of current is changed, resonant capacitors, C r1 and C r2, discharged and charged respectively in mode 2 are charged and discharged respectively. That is, as previously mentioned, the two resonant capacitors show complementary operation. At the end of this mode, main switch voltage becomes equal to output voltage, and when the capacitors finish their operation, this mode is finished. 
Mode 8(t 7 ≤ t < t 8 ): Since the state of main switch and auxiliary switch are the same as previous mode, the remaining current of resonant inductor flows through the anti-parallel diode of S 2 . During mode 7, C r1 and C r2 finished the resonant operation. Thus any current does not flow through the anti-parallel diode of lower main switch in this mode. When the resonant inductor current becomes zero, mode 8 is finished.
( ) Mode 9(t 8 ≤ t < t 9 ): At t = t 8 , the resonant inductor does not have any energy, and all switches are turned off. Therefore, the current flows through main inductor and the anti-parallel diode of S 2 . At the end of this mode, the auxiliary switch is turned on, and the next switching cycle starts. The main inductor current is given by following equation.
( ) 0
In buck mode, the mode operation is divided into nine modes, and the analysis method is the same as that of boost mode. However, upper two switches, S 2 and S a2 , are operated as a main switch and auxiliary switch respectively. Particularly, diode, D 2 , is used as a buck mode freewheeling diode.
III. ZVS CONDITION AND DESIGN PROCEDURES
A. ZVS Condition Fig. 4 shows the key waveforms of ZVS condition. In order to satisfy ZVS condition, the peak value of resonant inductor current has to be larger than that of main inductor [5] . However, depending on the peak value of resonant current, ZVS range is able to be changed, and the condition can be expressed with following equations,
where K = constant coefficient between 1.2 and 1.5
Consequently, the peak value of the resonant capacitor voltage, V Cr can be equal to the output voltage or reduced by the values of resonant inductance and resonant capacitance. Therefore, the characteristic impedance formula of the series resonant tank is given by,
Since the resonant period is related with the resonant frequency, f r =1/T r , in order to acquire variable resonant period changed by L r and C r , the above equation can be re-defined as following equation. 
B. Resonant Components and ZVS Range
ZVS ranges within one switching cycle are shown in Fig. 5 . Each curve indicates ZVS range base on coefficient, K, and resonant frequency. Since the coefficient and resonant frequency are related each other, depending on the coefficient, resonant frequency is able to be varied, and ZVS range can be changed as well. As shown in the Fig. 5 , while the coefficient is increased, ZVS range is also increased. On the other hand, according to the resonant frequency is increased, ZVS range is decreased. As the coefficient K is increased, the resonant frequency can be decreased. However, the conduction loss is increased due to the increment of coefficient K [20] since the ON time of gate signal is increased in order to qualify the current path for ZVS. Therefore, the most appropriate ZVS range has to be defined.
In this topology, 500[ns] is defined as a boundary for stable control of the main switch through employing the relation between ZVS range and resonant frequency of the series resonant tank. Moreover, when 500[ns] is defined as a ZVS boundary, the corresponding coefficient is 1.3, and corresponding resonant frequency is approximately 3.0f s as well.
C. Auxiliary Resonant Capacitor (C r1 and C r2 )
In this topology, the auxiliary resonant capacitors, C r1 and C r2 , are connected in parallel with upper and lower main switches in order to secure current path for resonance occurring in mode 2 and mode 7. Since those capacitors are charged and discharged complementary by the difference between resonant inductor current and main inductor current, C r1 and C r2 must be sufficiently larger than output capacitor, C OSS . Thus, it is assumed that the resonant capacitance value has to be 20 times bigger than the output capacitance of switch and the equation can be written as follows, 
D. Main Inductor Design
Input power, output power, the ripple current of main inductor and efficiency have to be considered to design the main inductor. Typically, input power is designed with 10% or 20% margin since the efficiency of the converter is not able to be 100%. From the above concept, the average and ripple current of the main inductor is calculated with following equations.
From the above equations, the maximum and minimum currents are able to be derived, and the equations are given by,
Moreover, the maximum and minimum duty ratio is depending on the input voltage.
From the derived equations, switch turn on time, T on , and the inductance value of main inductor are able to be defined like the following equations.
E. Design Example
Based on the derived equations, the design example of the proposed bidirectional DC-DC converter is able to be shown. Table I shows the design parameters of the proposed converter in boost mode. From the derived equations, main inductor average current, ripple current, maximum current and minimum current can be found. 
From the above equations, maximum and minimum main inductor currents are defined, and the values are as follows:
The maximum duty ratio has to be defined primarily to find the switch on time. The values of maximum duty ratio and switch turn on time can be calculated as: 
From (46), the auxiliary resonant capacitors, C r1 and C r2 , can be calculated. 
IV. SIMULATION RESULTS
The simulation and experimental parameters are shown in TABLE II. In this paper, the proposed topology has been simulated by POWERSIM Inc. PSIM 6.0 software. The simulation has been performed under 30[kHz] switching frequency and input voltage is fixed at 200 [V] . Moreover the duty ratio of the simulation is 0.5. In order to achieve the soft switching condition, sufficient switching time has to be secured. Namely, the auxiliary switch must be on state while the resonant capacitors, C r1 and C r2 , are charged and discharged complementary. The auxiliary switch is turned off when the resonant capacitor voltage is at the vicinity of its peak. Thus, in order to qualify the above conditions, the main switch PWM signal is overlapped with the auxiliary switch PWM signal. The PWM signals are shown in Fig. 6 .
In the Fig. 6 , turn-on time of main switch (D main T) is controlled by conventional voltage and current control methods. But auxiliary switch helps the soft-switching of main switch. From mode 1 to mode 4 in the Fig. 3 is the part of occurring resonance with L r , C r , C r1 and C r2 . When current loop is made by auxiliary switch turn-on in the Fig. 3 , the energy stored in the main switch output capacitor will be discharged and the voltage of the main switch will be decreased to the 0[V]. After that, ZVS turn-on condition is built with activating main switch turned on. By using the former design data, auxiliary switch turn-on time D aux T is derived by (69). Fig. 7 shows the simulation waveforms of the main inductor and resonant inductor current. In order to achieve ZVS, several conditions should be qualified. One of the conditions is that resonant inductor current is larger than that of main inductor during certain period. As shown in the Fig.  7 , resonant inductor current is larger than that of main inductor during mode 2 and mode 3. Fig. 8 and Fig. 9 show the simulation waveforms of the main switch and auxiliary switch voltage and current respectively. Before the main switch is turned on, body diode is conducted. As a result, the main switch is turned on under ZVS condition. Consequently, when the resonant tank has discharged and the current is flowing through the body diode, the auxiliary switch is turned off. Therefore, the auxiliary switch is able to be operated under ZCS condition. Fig. 10 shows the ZVS and ZCS operation of the main switch and auxiliary switch. Particularly, ZVS operation is achieved at the main switches, and ZCS operation is achieved at the auxiliary switches.
V. EXPERIMENTAL RESULTS
In order to verify the validity of the proposed bidirectional DC-DC converter, 1.0[kW] prototype was built. The experimental parameters are shown in TABLE II. The Fig. 11 shows the test bed of the proposed bidirectional converter. The experimental waveforms are shown in Fig. 12~14 . Fig.  12 shows the main inductor current and resonant inductor current. The experimental waveform shows almost the same results as simulation results shown in Fig. 7 . However, compared with Fig. 7 , the resonant inductor current is floating due to parasitic components. Consequently, when the main switch gate signal is turned off, the voltage of the main switch is zero instantaneously. Fig. 14 shows the ZCS operation of the auxiliary switch. Compared with simulation results, auxiliary switch current shows almost same results, and the experimental waveform clearly shows that the main and auxiliary switches are operated under ZVS and ZCS condition respectively.
The efficiency comparison between the proposed converter and the conventional hard switching converter with load variation is shown in Fig. 15 . The measurement was progressed under 0.5 duty condition. The measured maximum efficiency in boost mode is 96.03 [%] . Moreover, the measured maximum efficiency in buck mode is 96. 15 [%] as well.
VI. CONCLUSIONS
In this paper, a novel bidirectional DC-DC converter using ZVS has been proposed that uses auxiliary switches and auxiliary resonant circuit. The main switches and the auxiliary switches are operated under zero voltage and zero current condition by employing the resonant circuit. Since the soft switching technique is employed, the efficiency of the bidirectional converter is increased, and the switching loss is decreased as well. Therefore, the maximum efficiency of the proposed converter shows over 96 [%] 
